During B cell maturation, the complex process of immunoglobulin (IG) gene V(D)J recombination coupled with somatic hypermutation (SHM) gives rise to a unique DNA sequence within each individual B cell. Since B cell malignancies result from the clonal expansion of a single cell, IG genes represent a unique molecular signature common to all the malignant cells within an individual patient; thus, IG gene rearrangements can be used as clonal markers. In addition to serving as an important clonal identifier, the IG gene sequence can act as a 'molecular timeline' since it is associated with specific developmental stages and hence reflects the history of the B cell involved in the neoplastic transformation. Moreover, for certain malignancies, in particular chronic lymphocytic leukemia (CLL), the IG gene sequence holds prognostic and potentially predictive capabilities. That said, extrapolating meaningful conclusions from IG gene sequence analysis would be impossible if robust methods and tools were not available to aid in their analysis. This article, drawing on the vast experience of the European Research Initiative on CLL (ERIC), details the technical aspects and essential requirements necessary to ensure reliable and reproducible IG gene sequence analysis in CLL, a test that is now recommended for all CLL patients prior to treatment. More specifically, the various analytical stages are described ranging from the identification of the clonotypic IG gene rearrangement and the determination of the nucleotide sequence to the accurate clinical interpretation of the IG gene sequence data.
Introduction
Chronic lymphocytic leukemia (CLL), the most common form of leukemia in adults in western countries, is characterized by the clonal expansion of mature neoplastic B cells 1 . From a clinical perspective, the disease course is extremely variable with some patients experiencing an aggressive disease, requiring treatment very early after diagnosis, and often relapsing or being refractory to therapy. This is in stark contrast to a substantial proportion of patients (~30%) who present with an indolent disease, never require treatment, and have a life expectancy similar to healthy age-matched individuals 2 . This clinical heterogeneity is reflected in the diversity of the molecular abnormalities found in CLL patients which ultimately drive the pathogenesis and progression of this disease 3 .
Establishing an accurate CLL diagnosis is usually straightforward, however, the aforementioned clinical heterogeneity may hinder the effective management of CLL patients and underscores the need for prognostic and predictive markers that could assist in treatment decision-making 2 . Numerous studies have attempted to refine the prognostication of CLL, culminating in an abundance of novel clinical and biological markers being proposed . That notwithstanding, very few, if any markers, including IGHV mutational status, are currently applied in clinical routine at the time of diagnosis.
Initial reports on the clinical utility of IG gene sequencing in CLL date as far back as 1999, when 2 independent studies reported that patients with no or a minimal somatic hypermutation (SHM) load (unmutated CLL, U-CLL) have a worse prognosis than patients carrying a higher SHM burden (mutated CLL, M-CLL) 6, 7 . More specifically, the U-CLL group consisted of cases harboring clonotypic IGHV genes with few or no SHM and hence a high percent identity to the closest germline IGHV gene (≥98%), whereas M-CLL consisted of cases with a higher mutational load (percent identity to the closest germline IGHV gene <98%). Since these early studies, it has been continually demonstrated that U-CLL cases display a shorter time-to-first treatment (TTFT) and overall survival (OS) compared to M-CLL.
In hindsight, these seminal studies highlighted the pivotal role of the B cell receptor (BcR) IG in CLL pathobiology, thus paving the way for extensive research into CLL-microenvironmental interactions which, in turn, led to a more comprehensive appreciation of the biological heterogeneity of this disease 8, 9 . More recent studies have provided additional support for the importance of immunogenetic analyses in CLL by revealing that individual cases may cluster in subsets due to sharing (quasi)identical BcR IG gene sequences, a phenomenon termed BcR IG stereotypy 10, 11, 12, 13 . Accumulating evidence supports the notion that patients assigned to the same stereotyped subset harbor similar clinicobiological properties that clearly separate them from other CLL patients within the same SHM category but with different IG gene sequences; it has indeed been reported that the categorization of CLL patients based on BcR IG stereotypy further refines the bulk segregation of CLL patients into U-CLL or M-CLL groups 14, 15, 16, 17, 18, 19, 20 .
From a clinical perspective, it is noteworthy that the SHM status of the clonotypic IGHV gene seems to correlate with a specific response to chemoimmunotherapy. In particular, M-CLL patients treated with a combination of fludarabine/cyclophosphamide/rituximab (FCR), the gold standard treatment for medically fit CLL patients lacking TP53 gene defects, exhibited significantly longer progression-free survival (PFS) and OS compared to U-CLL patients who received the same treatment 21, 22, 23 . Therefore, identification of the SHM status has become important in particular for assisting in the therapeutic management of CLL patients i.e., a predictive marker, rather than for assessing the clinical course of the disease i.e., a prognostic marker. In fact, according to the recent update of the NCI-sponsored guidelines from the International Workshop on CLL, the SHM status of the rearranged IGHV genes should be determined in all CLL cases prior to treatment initiation in both general practice and clinical trials 24 . Moreover, owing to the recent approval of novel treatment agents, and the growing number of drugs in trials, the SHM status of the IG molecule may play an even greater role in the therapeutic management of patients with CLL in the near future 5 .
This report details all aspects of IG gene sequence analysis, beginning with choosing the appropriate material and culminating with the clinical interpretation of the sequencing results. In-depth assessment of these steps is important in diagnostic routine for the production of reliable results and to ensure accurate patient stratification within clinical trials. Protocols are provided to aid in the harmonization of IG gene sequence analysis, thus ensuring that results are comparable amongst different laboratories.
Protocol
The research protocol was approved by the Ethics Committee of the San Raffaele Scientific Institute, Milan, Italy. 
Material Selection

Density Gradient Separation
NOTE: If PB or BM is the starting material of choice, which is the most frequent scenario, mononuclear cell isolation using density gradient separation is recommended. 3. For the 3' end, use consensus primers targeting the IGHJ genes, multiplex sets of IGHJ gene-specific primers or isotype-specific primers, depending on the substrate. Primer sequences are provided in Table 1 , whereas Figure 1 depicts the various locations for primer annealing.
2. PCR amplification of IGHV-IGHD-IGHJ gene rearrangements 1. Prepare the primer mix using equimolar quantities of each subgroup primer(s) to ensure unbiased amplification. 1. For example, when using leader primers, two different primers are used to amplify rearrangements belonging to the IGHV1 subgroup. Thus, use a quantity of these 2 primers (IGHV1L and IGHV1bL) that is half compared to IGHV4L, which is the only primer for IGHV4 subgroup rearrangements. 2. Apply the opposite approach in the case of the IGHJ1-2 and IGHJ4-5 primers. As these primers target two different IGHJ gene subgroups, double the quantity compared to the IGHJ3 and IGHJ6 primers. 3. Use Table 1 to determine the exact primer quantities when preparing relevant primer mixes. Table 2 . After combining all the PCR reagents in a PCR tube, add 0.5 µL of Taq polymerase and 100 ng of gDNA or 2 µL of cDNA (cDNA should be prepared using 1 µg of RNA). NOTE: A Taq enzyme with proofreading activity is not essential as the amplification error rate is extremely low and will therefore not affect the level of SHM. 3. Run the thermal PCR protocol detailed in Table 3 .
Mix PCR reagents as listed in
Clonality assessment
NOTE: A critical next step involves evaluating the clonality pattern of the PCR product. When assessing clonality in CLL patients, the most common finding is a single, monoclonal peak/band. 1. Use methods with high-sensitivity, such as fragment or heteroduplex analysis, for clonality assessment 28, 29 .
Fragment analysis
1. Perform multiplex PCRs using 5'-labeled IGHV leader or FR1 subgroup specific PCR primers; this will yield PCR products that can be separated by capillary electrophoresis, thereby permitting clonality assessment of the IGH PCR products based on their IGHV complementarity determining region 3 (CDR3) lengths. 2. Use primers, reagents and thermal conditions identical to those previously mentioned (see Tables 1-3 3. Assess the size of the PCR products on a six percent (6%) polyacrylamide gel (this percentage results in optimal resolution), using 1x TBE as a running buffer. Run at 80 V for 45 min. NOTE: It is recommended that PCR products are allowed to migrate on the gel for sufficient time so that monoclonal samples can be separated from the polyclonal background and the DNA size marker can separate adequately. Factors such as the size and thickness of the gel can affect migration so no single setting (voltage and time) can guarantee an optimal result That said, setting the voltage at 80 V for 45 minutes is a good starting point as it minimizes the risk of the sample migrating too quickly and 'running' off the gel. 4. Check for PCR products of approximately 500 base pairs when using IGHV leader primers and 350 base pairs when using the IGHV FR1 primer mixes. NOTE: In rare instances, CLL cases have been found to carry double, monoclonal products and in even rarer instances, cases may exhibit an oligoclonal pattern. An intercalating agent such as Ethidium bromide (EtBr) or less hazardous and more sensitive commercially available DNA stains can be used for the visualization of DNA on acrylamide gels using UV excitation or blue-light.
4. PCR product purification NOTE: PCR products are purified to remove any polyclonal background originating from normal B cells within the CLL sample as well as primer dimers that may lead to suboptimal sequencing. Use any method that removes unincorporated dNTPs and primers for PCR clean-up, such as an enzymatic treatment, e.g., Sap (shrimp alkaline phosphatase)/Exo (Exonuclease I), or column-based purification. 1. Load the total volume of the PCR product onto a 3% low-melting agarose gel. 2. Allow the PCR products to run on the gel until they separate from the background. 3. Excise the sharp, prominent PCR bands, purify and elute. If two rearrangements are detected, both bands should be excised and sequenced seperately. 4. To perform Sap/Exo clean-up, follow the manufacturer's instructions regarding the specific volumes to use; however a typical reaction may contain 1 µL Sap, 0. 5 µL Exo and 2 µL 5x incubation buffer per 5-10 µL PCR reaction. Mix by gently vortexing each sample and incubate on a PCR block at 37 °C for 30 minutes. Inactivate the enzymes by heating to 85 °C for 15 minutes. 5. Load a small quantity of the PCR products on a 3% agarose gel to assess the purity of the product.
Sanger Sequencing
NOTE: Several sequencing strategies exist, however, regardless of the exact approach, direct sequencing of both strands is mandatory to ensure a reliable result.
General sequencing protocols
1. If amplification has been performed using single primers, proceed with sequencing using the appropriate IGHV-and IGHJ-or constant region-specific primers. This approach can also be adopted if multiplexed fluorescently labeled primers have been used and the PCR product was assessed using fragment analysis (sequencing primers should not be labeled). 2. If multiplexed primers have been used and clonality was assessed on a gel, then use a downstream primer at the first step of sequencing e.g. a consensus IGHJ primer with the sequence being 5'-GTGACCAGGGTNCCTTGGCCCCAG-3'. Alternatively, a CH primer can be used if cDNA was used as substrate. Next, use subgroup-specific IGHV leader or FR1 primers for the second sequencing step.
2. Example sequencing protocol NOTE: Several sequencing protocols exist and an example protocol is detailed below. 1. Dilute 33 ng of the PCR product in a total volume of 11.5 µL using, e.g., sterile water. Denature the PCR product by heating to 95 °C for 5 minutes. Immediately place on ice for 10 minutes to prevent formation of secondary structures. 2. Add 8 µL of master mix to each tube along with 0.5 µL (corresponding to 5 pmol) of the primer. 3. As a control, prepare a tube containing 8 µL of master mix, 0.5 µL pUC18 control template, 2 µL (-)47 sequencing primer and 9.5 µL sterile water. The final total volume in each tube should be 20 µL. 4. Use thermal cycling conditions for the sequencing reaction as detailed in Table 4 . Transfer the sample to a sequencing plate, cover with strip caps or tape seals, load to the machine and perform Sanger sequencing.
The sequencing plate is usually a 96-well, v-bottom, full-skirt PCR plate compatible with the sequencer. The plates may be barcoded depending on whether the sequencing is to be performed in-house, at a commercial company or at an academic sequencing center/ platform.
3. After sequencing, 'stitch together' the 2 reads generated from the individual sequencing steps to form a complete IGHV gene rearrangement i.e., the consensus sequence. . The tool reports the assignment to major CLL stereotyped subsets. The subset-assignment tool together with detailed instructions are available on the ARResT/AssignSubset website 32 and also on the ERIC website under the services tab.
Sequence Analysis
Representative Results
Examples provided below illustrate results obtained from IG gene sequencing analysis following the steps detailed above. Although DNA and/or RNA extraction are routine procedures for most clinical/research laboratories, a first critical step involves checking the quality/quantity of gDNA and/or RNA using a spectrophotometer or other suitable technology with high sensitivity. The next crucial step involves PCR amplification of the clonotypic IGHV-IGHD-IGHJ gene rearrangement. As mentioned above, only the use of IGHV leader primers enables amplification of the full length of the rearranged IGHV gene sequence, thus permitting the true SHM load to be determined; therefore, IGHV leader primers are the recommended primer choice (Figure 2) . In rare instances where IGHV leader primers cannot amplify the clonotypic IG rearrangement, IGHV FR1 primers may be used. As evidenced in Figure 3 , several PCR products/bands may be observed, especially when gDNA is the starting material; these bands should be excised and sequenced seperately. If both IGHV leader and IGHV FR1 primers fail to yield results, the analysis should be repeated using a new patient sample (when possible). The last checkpoint prior to sequencing is determining the clonality of the sample using fragment analysis (Figure 4) .
Sequences obtained should be analyzed using the IMGT/V-QUEST tool 30 . User-selected parameters include species, receptor type or locus, search for insertion, and deletion option, etc. and are listed together with the number of sequences analyzed. Each FASTA sequence is displayed and the V-DOMAIN analyzed by IMGT/V-QUEST is highlighted in green. Additionally, if the input sequence was in the opposite orientation (antisense), the program automatically provides the complementary reverse sequence and states this above the FASTA sequence.
The Result summary table is provided directly below the FASTA sequence, at the top of the 'Detailed View' results page, and contains information important for the clinical reporting of IG gene sequence analysis in CLL. Each row of this table is explained below.
Result summary. The first row in the results table states the functionality of the input sequence: an IG rearranged sequence can be either productive or unproductive (Figure 5A & 5B). An IG gene rearrangement is unproductive if stop codons are present within the V-D-J-REGION (for VH) or within the V-J-REGION (for VL) and/or if the rearrangement is out-of-frame due to insertions/deletions. A third output is provided when the functionality cannot be determined, i.e., if the IGHV-IGHD-IGHJ junction could not be identified; in this instance, the result summary would read as 'No rearrangement found' or 'No junction found'. It is important to note that only productive and, thus, functional rearrangements should be analyzed further. If the sole amplified IG rearrangement is not functional (unproductive or 'no rearrangement found'), the PCR amplification process should be repeated. If the result remains negative a new patient sample should be obtained.
V-GENE and allele.
The 'V-GENE and allele' row indicates the closest germline IGHV gene and allele with its alignment score and the percent identity. If several gene(s) and alleles give the same high score, all are listed. The percent identity between the submitted sequence and the closest IGHV gene and allele is of particular importance since it determines the SHM status. This value is calculated from the first nucleotide of the V-REGION to the 3' end of the V-REGION excluding the CDR3. If IGHV FR1 primers are used, the sequence corresponding to that of the primer should always be removed to ensure as accurate a result as possible. It should be noted that a low identity percentage (<85%) may result from an insertion or deletion (discussed further below) and, should this be the case a 'Warning' note will appear in the 'Result summary' row to alert the user.
. When using the default IMGT/V-QUEST parameters, insertions and deletions are not automatically detected; however, strong indications that a sequence may carry such alterations, i.e., a low percent identity and/or different IGHV CDR1-IMGT and CDR2-IMGT lengths between the submitted user sequence and the closest germline gene and allele, are detected by the tool and a warning alert appears below the Results summary table (Figure 5C ).
IMGT provides an option called 'Search for insertions and deletions' in the 'Advanced parameters' section located below the 'Display results' section. In cases where relevant warnings appear, it is advisable to use this functionality. When insertions and deletions are detected, comprehensive details of the finding are provided in the 'Result summary' section including (i) where the insertion or deletion is located i.e., VH FR-IMGT or CDR-IMGT; (ii) the number of inserted/deleted nucleotides; (iii) the sequence (only for insertions); (iv) whether a frameshift has occurred; (v) the V-REGION codon from which the insertion or deletion starts; and (vi) the affected nucleotide position in the submitted sequence ( Figure 5D ). For insertions, the tool removes the insertion(s) from the submitted user sequence and then re-analyzes the sequence using the standard IMGT/V-QUEST parameters. If deletions are detected, the tool adds gaps, represented by dots, to replace the deleted nucleotides before repeating the analysis.
As for every diagnostic or prognostic test performed in clinical laboratories, stringent standards and a high level of reproducibility are of utmost importance. The IMGT/V-QUEST output provides much of the information necessary for reporting the results of IG gene sequence analysis in CLL, i.e., (i) the IGHV, IGHD and IGHJ genes and alleles utilised; (ii) the functionality of the clonotypic IGHV-IGHD-IGHJ gene rearrangement i.e., whether the rearrangement is productive or unproductive; and (iii) the percent identity of the rearranged IGHV gene and allele in comparison to its closest germline IGHV gene and allele. For comprehensive details regarding the clinical reporting of IG genes in CLL, the interpretation of problematic or technically challenging cases and recommendations for the accurate and robust determination of IGHV gene SHM status in CLL, the reader is directed to recently updated ERIC guidelines and reports 27, 34 .
Finally, owing to our growing knowledge concerning BcR IG stereotypy in CLL, an additional recommended requirement for the clinical reporting of IG gene rearrangements in CLL relates to the assignment of cases to major stereotyped subsets. It is now recommended to state in the clinical report whether the analyzed productive IGHV gene rearrangement can be assigned to one of the major stereotyped subsets, namely subsets #1, #2, #4 or #8 12, 27 . Assignment to major CLL stereotyped subsets should be performed with the use of the ARResT/AssignSubsets tool (Figure 6 . Subset assignment report table generated by the ARResT/AssignSubsets tool. The FASTA IG sequences from 10 CLL patients (A1-A10) were submitted to the ARResT/AssignSubsets tool. Case A4 was assigned to CLL stereotyped subset #2 (patients within this group are known to have a poor prognosis irrespective of SHM load) with high confidence. Seven of the other cases/sequences were not assigned to a major stereotyped subset and hence classed as unassigned. Two of the submitted sequences (A7 and A8) could not be used for subset assignment and were instead classed as skipped/unhealthy due to issues with the sequence, i.e., due to an out-of-frame junction or the presence of stop codons. A comprehensive explanation of the table headings and the tool is available at the ARResT/AssignSubsets website 32 . Please click here to view a larger version of this figure.
Discussion
The study of IG genes in CLL has been vital not only for providing a better understanding into disease pathobiology but also for improving patient risk stratification. It is therefore paramount that the multi-step procedure of IG gene sequence analysis and subsequent interpretation of the sequence data is performed in a standardized manner. The availability of suitable and sufficient patient material and the timing of sampling should not impact on the ability to perform IG gene mutational analysis since the test can be performed on PB and on any sample with a high CLL tumor cell count. The separation of blood mononuclear cells using gradient separation methods is routinely performed in diagnostic laboratories, and as always, care should be taken when adding the blood/RPMI solution to the tube containing the gradient; this task should be performed in a slow, gentle manner to avoid disturbing the gradient and prevent the loss of cells.
Following cell separation, nucleic acids are extracted. Both gDNA and cDNA are suitable for SHM analysis of the clonotypic IGH rearrangement, however, there are advantages and disadvantages for the use of either material. The laboratory workflow proceeds quicker when using gDNA since no reverse transcription has to be performed prior to PCR amplification. That said, using gDNA as the substrate for PCR may result in the amplification of both productive and unproductive rearrangements which, in turn, can lead to additional hands-on laboratory work, i.e., purification or gel excision of multiple PCR products and individual sequencing of all rearrangements. When comparing the gDNA and cDNA approaches, for the latter a reverse transcription step must be performed before proceeding with PCR amplification. However, in this instance, for most cases, only productive IG rearrangements will be amplified and subsequently sequenced. Thus, only a single PCR product will be purified and sequenced, while results interpretation is more straightforward.
The efficiency of amplification largely depends on the quality of the gDNA/cDNA, which should be assessed using a sensitive quantification method, and the primers utilized. The primers used are critical to the entire analytical procedure because the accurate determination of the SHM level can only be achieved by amplifying the entire sequence of the rearranged IGHV gene. A full-length rearrangement can only be assessed if 5' IGHV leader primers are used, thereby justifying the recent recommendations by ERIC for the use of leader primers 27 . The use of alternative primers, leading to the amplification of incomplete IGHV-IGHD-IGHJ gene rearrangements, is not appropriate for IGHV gene mutational analysis, and hence strongly advised against. The sole exception pertains to cases which repeatedly produce negative results when IGHV leader primers are used and analysis of new patient material is either not possible or also does not yield results. If use of a different patient sample and/or material (gDNA/cDNA) and various primers sets still fail to produce a PCR product, possible reasons could be that the tumor cell burden is too low or that lymphocytosis is not due to a CLL clone (in which case the immunophenotype should be re-evaluated). Primers used for the analysis should always be stated in the clinical report.
As CLL results from the accumulation of monoclonal B cells bearing the same IGHV-IGHD-IGHJ gene rearrangement, for the vast majority of cases clonality assessment will reveal a unique monoclonal peak, i.e., a single clone. On rare occasions, double rearrangements or even oligoclonal patterns may be observed 35 . In such cases, gel electrophoresis is not the preferred technique for clonality assessment and more sensitive methods such as fragment analysis should be applied. Once clonality has been confirmed, the final step prior to sequencing relates to the purification of the PCR product to ensure that sequences of high quality are obtained. Finally, the IMGT/V-QUEST tool is the resource recommended for IG sequence analysis by ERIC. As the IMGT databases are constantly updated and report results in a consistant and well annotated manner, this tool ensures standardized analysis and facilitates comparative analysis amongst different clinical or academic facilities.
As immunogenetic analysis in CLL has prognostic and, in particular, predictive implications, robust analysis of the IGHV-IGHD-IGHJ gene rearrangement including the assignment to major CLL stereotyped subsets, is no longer only desirable but of key importance. This is particularly evident in this era of novel therapeutics and the potential that IG gene analysis has to guide treatment decisions 5, 21, 22, 23, 36, 37, 38 , as officially indicated by the recent update of the NCI-sponsored guidelines from the International Workshop on CLL 24 . That said, rigorous standards are warranted, especially as determination of the SHM status of the clonotypic rearranged IGHV gene in CLL patients is not a trivial matter and involves a multi-step process. Importantly, certain experimental steps, most notably the choice of primers, yield superior results when specific options and/or approaches are adhered to, other technical aspects are amenable to some degree of flexibility, such as material selection or the method for assessing clonality, due to the fact that they lead to subtle differences, if any, with regard to the final results.
